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ABSTRACT 
Soybean rust, caused by Phakopsora pachyrhizi, is a major foliar disease of soybean 
affecting soybean yields in many soybean-growing areas throughout the world. After the reports 
of its first occurrence in Brazil in 2001 and the continental United States of America in 2004, 
research on the disease and its pathogen has greatly increased. The objectives of my study were 
to i) develop a multiplexed immunofluorescence assay to identify and detect viable P. pachyrhizi 
urediniospores, ii) characterize the infection and colonization of P. pachyrhizi on soybean 
genotypes with varying levels of resistance using microscopic observations and a quantitative-
polymerase chain reaction assay, and iii) demonstrate germ tube anastomosis and nuclear 
migration during the germination of P. pachyrhizi urediniospores. I developed a rapid and 
reliable technique for the detection of viable P. pachyrhizi by integrating an immunofluorescence 
assay with propidium iodide staining. In this two-color fluorescence assay, live spores stained 
green and were distinguished from dead spores that also stained green but with their nuclei 
clearly stained red. The method has the potential to be used in soybean rust forecasting systems 
that depend on monitoring airborne urediniospores through capture by various trapping 
techniques and need to distinguish between live and dead urediniospores. In the second study, 
microscopic observations of the infection process in soybean genotypes distinguished complete 
(immunity), and incomplete resistance from each other and from susceptibility. Pre-penetration 
and penetration by P. pachyrhizi were similar among different genotypes and differences in the 
infection process were more evident once the hyphae penetrated into the intercellular spaces of 
the mesophyll. The susceptible cultivar Williams 82 had extensive hyphal growth in the 
mesophyll cells. The soybean cultivar UG5 conferred complete resistance, and plant 
introductions 567102B and 224268, which were classified as having incomplete resistance, had 
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extensive necrosis of the mesophyll cells. These results, in combination with fungal DNA 
concentrations, are the first detailed evidence of quantitative differences in the infection process 
of P. pachyrhizi among soybean genotypes varying in levels of resistance. In the third study, I 
observed that fusion of germ tubes in germinating urediniospores of P. pachyrhizi resulted in a 
complex hyphal network. Nuclear staining showed their migration of through the network 
resulting in multinucleate hyphae and provided the first evidence of anastomosis in P. 
pachyrhizi. Considering the lack of a known sexual stage of P. pachyrhizi, hyphal anastomosis 
might explain the genetic diversity in virulence among populations of P. pachyrhizi. 
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Chapter 1 
A Multiplexed Immunofluorescence Assay to Identify and Determine the Viability 
of Phakopsora pachyrhizi Urediniospores  
 
ABSTRACT 
 
Soybean rust, caused by Phakopsora pachyrhizi, occurs concomitantly wherever 
soybean is grown in the tropical and subtropical regions of the world. After reports of its 
first occurrence in Brazil in 2001 and the continental United States of America in 2004, 
research on the disease and its pathogen has greatly increased. One area of research has 
focused on capture of urediniospores primarily by rain collection or wind traps and 
detecting them either by microscopic observations, or by immunological or molecular 
techniques. This system of detection using rain collectors or wind traps has been touted 
for use as a potential warning system to recommend early applications of fungicides. One 
shortcoming of the methods used to detect urediniospores has been to determine whether 
the spores are viable. I developed a method to detect viable P. pachyrhizi urediniospores 
using an immunofluorescent assay combined with propidium iodide (PI) staining. 
Antibodies reacted to P. pachyrhizi and did not react with other common soybean 
pathogens based on an indirect immunofluorescent assay using fluorescein 
isothiocyanate-labeled secondary antibodies. Two vital staining techniques were used to 
assess viability of P. pachyrhizi urediniospores: one combined carboxy fluorescein 
diacetate (CFDA) and PI, and the other utilized [2-chloro-4-(2,3-dihydro-3-methyl-
(benzo-1,3-thiazol-2-yl)-methylidene)-1-phenylquinolinium iodide] (FUN 1). Using the 
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CFDA-PI method, viable spores stained green with CFDA and non-viable spores 
counterstained red with PI. Using the FUN 1 method, cylindrical intravacuolar structures 
were induced to form within metabolically active urediniospores, causing them to 
fluoresce bright red to reddish-orange, whereas dead spores, with no metabolic activity, 
had an extremely diffused faint-fluorescence. An immunofluorescence technique in 
combination with PI counterstaining was developed to specifically detect viable P. 
pachyrhizi urediniospores. The method is rapid and reliable with a potential for 
application in forecasting soybean rust based on the detection of viable urediniospores. 
 
INTRODUCTION 
 
Soybean rust, caused by the obligate phytopathogenic fungus Phakopsora 
pachyrhizi Syd., is a major foliar disease of soybean [Glycine max (L.) Merr.] reducing 
soybean yields in many soybean growing areas throughout the world (Hartman et al., 
2011). The pathogen was first reported on Pachyrhizus erosus (yam bean, jicama) in 
Japan in 1902 (Hennings, 1903), and its chronological movement to other regions in the 
world includes notable first reports in Brazil in 2001 (Yorinori et al., 2005) and the 
U.S.A. in 2004 (Schneider et al., 2005), the two countries with the largest soybean 
production area in the world (Hartman et al., 2011b). A second, less aggressive species, 
P. meibomiae, also causes soybean rust in Caribbean countries, and other countries in the 
western hemisphere including Brazil (Ono et al., 1992), but has not yet been reported in 
the continental U.S.A. 
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The most common symptoms are gray green, tan to dark brown or reddish brown 
lesions with one to many erumpent, globose uredinia, particularly on the undersides of 
the leaflets (Hartman et al., 1999). Based on disease progress curves, the disease 
increases dramatically during the reproductive growth stages and can induce early 
maturation and defoliation (Hartman et al., 1991). The primary means of managing 
soybean rust has been with the use of fungicides.  Fungicide chemistry, timing, and mode 
of application have been show to be critical to reduce disease severity (Miles et al., 2007; 
Mueller et al., 2009). Host plant resistance has been another major management tool, and 
sources of resistance and breeding for resistance have been reviewed (Hartman et al., 
2005; Hartman et al., 2011b).  
Epidemics of soybean rust appear to be dependent upon a number of factors 
including weather conditions, host availability, and over seasoning of the fungus on a 
host that retains foliar vegetation throughout the year or persistence on an alternative host 
between cropping cycles. North American epidemics present interesting questions on P. 
pachyrhizi survival because most of the soybean production is in the temperate zone 
where all known hosts die out each year, and there is no known alternate host on which it 
can overwinter. Since the introduction of the pathogen into the U.S.A. in 2004, the 
fungus annually perishes on frost-sensitive hosts in the temperate region, surviving only 
in host foliage in warmer, more frost-free southern and coastal areas of the U.S.A. and 
further south in other subtropical areas. The fungus is known to survive on kudzu 
(Pueraria lobata) (Fabiszewski et al., 2010) but the frost line in the U.S.A. varies each 
year, resulting in unpredictable sources of overwintering inoculum on kudzu. Because the 
fungus must move via aerial dispersion of urediniospores from overwintering sites in 
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subtropical areas toward the north where soybeans are grown, early detection of P. 
pachyrhizi urediniospores in soybean production regions is important for predicting the 
occurrence of soybean rust and for timing fungicide applications to minimize losses 
caused by rust (Del Ponte et al., 2011). To aid in early detection, an online national 
warning system was designed to monitor sentinel plots across the U.S. to detect P. 
pachyrhizi urediniospores, predict the disease-spread across the U.S., and help the 
growers in making disease management decisions, thereby minimizing the losses caused 
by rust (Hershman et al., 2011; Isard et al., 2006). 
Quantitative polymerase chain reaction (qPCR) assays that specifically detect and 
quantify DNA from P. pachyrhizi and P. mebomiae have been previously reported 
(Frederick et al., 2002). The assays utilize oligonucleotide primers and a fluorogenic, 5'-
exonuclease linear hydrolysis probe, designed to the nucleotide sequence of the 5.8S and 
internal transcribed spacer 2 region of the nuclear rRNA genes, and can also discriminate 
between P. pachyrhizi and P. meibomiae. An immunofluorescence assay using specific 
polyclonal antibodies has also been previously developed to detect and identify P. 
pachyrhizi urediniospores captured on glass slides obtained from passive air sampling 
systems (Baysal et al., 2007). The qPCR and the immunofluorescent assays can detect 
airborne urediniospores captured through atmospheric sampling the air or rainwater 
collection, and can be effective tools for monitoring the movement of the spores during 
the soybean-growing season. However, these assays do not determine the viability of the 
urediniospores they detect and, because spore viability is required for disease 
development, mere detection of urediniospores might prompt the use of unwarranted 
management measures, resulting in additional costs that ultimately prove unnecessary. 
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A variety of fluorometric methods to differentiate living from dead 
microorganisms are available (Breeuwer and Abee, 2000), based upon viability 
indicators, including membrane integrity, enzyme activities, respiration, membrane 
potential, and intracellular pH. Rotman and Papermaster (Rotman and Papermaster, 
1966) reported that fluorescein diacetate (FDA), a non-fluorescent fatty acid ester, readily 
entered into the living cells where it was rapidly hydrolyzed by the esterases, yielding 
free fluorescein. The polar fluorescein did not exit the cell as fast as the nonpolar FDA 
entered, and therefore it accumulated intracellularly and made the cells highly 
fluorescent. In viable cells with intact membranes and active metabolism, fluroescein 
produces bright green fluorescence when excited by blue light, as in contrast to when it is 
present in dead cells, which remain nonfluorescent. Propidium iodide or PI (2,7- 
diamino-9-phenyl-10- (diethyl aminopropyl) phen-anthridinium iodide methiodide) is a 
polar, fluorescent molecule that passes through damaged cell membranes and binds to 
DNA and RNA by intercalating between the nucleotides with little or no sequence 
preference. Once bound to nucleic acid, PI fluorescence is enhanced 20- to 30-fold, 
producing a bright red fluorescence. In viable cells, PI is excluded by intact membranes 
and thus PI is an effective counterstain, to identify nonviable cells. PI is used as a DNA 
stain in flow cytometry to evaluate the DNA content in cells (Krishan, 1975) and in 
epifluorescence microscopy, as a nuclear marker (Ockleford et al., 1981) and to evaluate 
cell viability (Yeh et al., 1981). The paired use of FDA and PI has been described (Jones 
and Senft, 1985) to determine vitality of spleen cells in mice, where the viable cells 
fluoresced bright green and nonviable cells fluoresced bright red.  
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The use of FUN 1 [2-chloro-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-
methylidene)-1-phenylquinolinium iodide] as a vital stain was first reported for use on 
yeast cells using flow cytometry (Wenisch et al., 1997). A more detailed quantitative 
study on its use as a fluorescent probe for vacuole labeling and viability testing of yeasts 
was done using several techniques, including fluorometry, flow cytometry, and wide-
field and confocal laser scanning fluorescence microscopy (Millard et al., 1997). Free 
FUN 1 is a nonfluorescent molecule in aqueous solution. In metabolically active cells 
with intact membranes, cylindrical intravacuolar structures (CIVS) are produced after 
less than 1 h exposure to FUN 1. These structures move within a vacuolar space and 
fluoresce orange-red when excited by light with a wavelength of 470-590 mm. In 
membrane-compromised dead cells, FUN 1 produces green to green-yellow fluorescence; 
cells with intact membranes and little or no metabolic activity have a diffuse green 
cytoplasmic fluorescence and lack fluorescent intravacuolar bodies. Calcofluor white 
M2R, the disodium salt of 4,4‘-bis(4 anilino-bis-diethyl amino-s-triazin-2-y1amino)- 
2,2’-stilbene disulfonic acid), is an ultra-violet excitable dye that has long been used as a 
marker of fungal cell walls. It binds to cellulose, chitin, carboxylated polysaccharides, 
and a variety of other β-linked polymers (Herth, 1980; Hughes and McCully, 1975; 
Maeda and Ishida, 1967). FUN 1 has been used to study the viability of cells, either as a 
single dye (Eggleston and Marshall, 2007; Essary and Marshall, 2009; Hua et al., 2011) 
or in combination with calcofluor white M2R counterstaining (Henry-Stanley et al., 
2004). 
The objectives of this study were to i) develop an immunofluorescence assay for 
specific detection of P. pachyrhizi urediniospores using monoclonal and polyclonal 
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antibodies; ii) develop methods to differentiate viable and non-viable P. pachyrhizi 
urediniospores using 5-Carboxy FDA (CFDA), PI, FUN 1 and calcofluor white M2R; 
and iii) integrate the immunofluorescence assay with viability staining technique to 
specifically detect viable P. pachyrhizi urediniospores. 
 
MATERIALS AND METHODS 
 
Rust isolate.  Urediniospores of isolate FL-07 were used throughout the study. 
This particular U.S. isolate has been used for a number of other studies related to fungal 
biology (Vittal et al., 2012) and host resistance (Paul et al., 2011). Urediniospores were 
produced using the detached-leaf method (Twizeyimana and Hartman, 2010). Leaflets 
from trifoliolates of four-week old soybean plants (cultivar Williams 82) were collected 
and transferred to 9-cm petri dishes containing 1.5 % (w/v) water agar medium amended 
with 6-benzylaminopurine (1.5 % w/v) with the abaxial surface of the leaf facing up. 
These detached leaves were spray-inoculated with freshly collected urediniospores using 
an airbrush (Paasche Airbrush Co., Chicago, IL). The plates were then incubated for 12 h 
in a tissue chamber (Percival Scientific Inc., Perry, IA) at 20 to 22 °C in the dark, after 
which, they were incubated at 20 to 22 °C on a 12-hour light (380 µmol m-2 s-1)-dark 
cycle. Lesions with sporulating uredinia formed two weeks after inoculation.  
Production of monoclonal and polyclonal antibodies. The antibody production 
was conducted at the Immunulogical Resource Center, University of Illinois at Urbana-
Champaign. Five adult female Balb/C mice were injected intraperitoneally with 200 µl 
intact P. pachyrhizi urediniospores (5 x 105 spores /ml in 200 µl Freund’s complete 
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adjuvant, FCA). After two more immunizations (2 weeks apart), a test bleed was taken 
and analyzed for immunoreactivity towards P. pachyrhizi spores using an enzyme linked 
immunosorbent assay (ELISA) (Skottrup et al., 2007a). Three weeks later, one mouse 
was selected and a booster injection (200 µl 5 x 105 spores/ml in 200 µl Freund’s 
incomplete adjuvant) was administered. Three days later, the mouse was sacrificed and 
lymphocytes harvested from the spleen were fused with the X63Ag8.653 myeloma cell 
line to immortalize them. Stable hybridoma cell lines were selected and isotyping of the 
monoclonal antibodies (mAbs) was performed using rabbit anti-mouse IgG1, IgG2a, 
IgG2b, IgG3 and IgM antibodies. The antibodies were purified and analyzed by SDS-
PAGE for purity and by PTA-ELISA for antibody activity, and stored at -80 °C.  
Two female New Zealand white rabbits weighing 1-2 kg were immunized by 
subcutaneous injection with 200 µl intact P. pachyrhizi urediniospores (5 x 105 spores 
/ml in 200 µl FCA). Animals were boosted at 21-day intervals with the same immunogen 
suspended in a mixture of 0.5 mL of phosphate buffer and 0.5 mL of incomplete Freund’s 
adjuvant. Ten days after the third boost, blood was obtained by bleeding the ear vein of 
the rabbits. Whole blood was collected from the ear vein of the rabbits and by 
intracardiac puncture 10 days after the fourth injection. Blood samples were allowed to 
coagulate overnight at 4 °C. Then the serum was separated by centrifugation, and a 
fraction was diluted 1 to 5 with 10 mM phosphate buffer saline  (PBS, pH 7.4 unless 
otherwise stated) containing 0.01% thimerosal (w/v) and kept at 4 °C for daily usage. The 
remainder of each antiserum was purified using saturated ammonium sulfate 
precipitation, followed by dialysis vs. PBS. The purified polyclonal antibody, Pp-pAb, 
was stored at -80 °C. 
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Urediniospore samples. Urediniospores were collected from 2-3 week old rust 
infected soybean leaves using a vacuum-type spore collector (Barnant, Barrington, IL). 
To test the various assays, urediniospores were freshly collected (labeled as live spores). 
A portion of the freshly collected spores was heat-killed in a dry bath incubator at 55 °C 
for 10 h (labeled as heat-killed spores). The freshly collected and heat-killed spores were 
mixed 1:1 containing equal proportions of live and heat-killed spores. Before use, the 
three types of spores (live, heat-killed, and mixed) were suspended in PBS containing 1% 
tween-20 (PBST) at a concentration of 5 x 104 spores/ml.  
Indirect immunofluorescent assay optimization. Several parameters were 
evaluated to optimize the immunofluorescence staining procedure including: (i) antibody 
working dilutions of Pp-mAb and Pp-pAb with different diluent buffers (PBS and PBST), 
(ii) working dilutions with the secondary antibodies (goat antimouse or antirabbit FITC-
labeled secondary antibody solution to detect Pp-mAb or Pp-pAb, respectively), (iii) 
primary and secondary antibody incubation time and temperature, and (iv) type of 
washing buffer (Table 1.1). Spores were observed using an epifluorescence microscope 
and rated visually using a scale of 0 to 2 where 0 = no fluorescence, 1 = weak 
fluorescence, and 2 = good to bright fluorescence.  
Antibody specificity and cross-reactivity studies. Pp-mAb and Pp-pAb were 
tested by indirect immunofluorescence for cross-reactivity against eight other pathogenic 
fungi including six soybean pathogens (Table 1.2). In addition, urediniospores of nine P. 
pachyrhizi isolates (AL07-1, AR08-1, FL07-10, IL06-1, IL08-1, MS06-2, MS07-1, 
NC07-1, and TX07-1 (Twizeyimana and Hartman, 2012) were also tested. 
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Direct immunofluorescence. Pp-mAb and Pp-pAb antibodies were conjugated to 
fluorescein isothiocyanate (FITC) using the FluoroTag FITC Conjugation Kit (Sigma 
Aldrich, St. Louis, Missouri, USA) according to the manufacturers instructions. Fifty µg 
of FITC in 0.1M carbonate-bicarbonate buffer (pH 9.0) was added to 1 mg of Pp-mAb or 
Pp-pAb. The mixture was incubated for 3 h in the dark at 23-25° C (room temperature) 
with gentle stirring. The labeled protein (FITC-Pp-mAb and FITC-Pp-pAb) was purified 
from the unconjugated fluorescein by a quick Sephadex G-25M column and conjugated 
antibodies were stored at 4° C in the dark. Live, heat-killed, and a 1:1 mix of live and 
heat-killed urediniospores were prepared as previously described. FITC-Pp-pAb or 
FITCPp-mAb diluted with PBS (pH 7.4) was added to 100 µl spore suspension resulting 
in a final concentration of 50 µg/ml. The suspensions were incubated at room 
temperature for 1 h with gentle mixing of the suspensions at regular intervals. They were 
then washed thrice with 1% PBST by centrifugation at 1500 g to remove any excess 
unbound antibody before being observed using a microscope. 
Methods for assessing urediniospore viability. Urediniospore viability was 
determined by three methods: (i) FungaLightTM yeast vitality kit (Molecular Probes Inc., 
Eugene, OR) containing 5-carboxyfluorescein diacetate, acetoxymethyl ester (CFDA, 
AM) and PI, (ii) LIVE/DEAD® yeast viability kit (Molecular Probes Inc.) containing 
FUN 1 (2-chloro-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1-
phenylquinolinium iodide and calcofluor white M2R, and (iii) an in vitro germination 
test. Three spore samples (live, heat-killed, and a 1:1 mix) were tested using each 
method. 
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CFDA-PI staining. CFDA and PI were reconstituted in DMSO and working 
solutions of 20 % CFDA and 40 µM PI were freshly prepared in 10 mM PBS so that the 
final concentrations of CFDA and PI were 10% and 20 µM respectively. Three different 
staining combinations were tested on all the three spore types (live, heat-killed, and a 1:1 
mix): i) single-color CFDA staining: 100 µl of CFDA dye to 100 µl of spore suspension, 
ii) single-color PI staining: 100 µl of PI dye to 100 µl of spore suspension, and iii) dual-
color staining: 100 µl of each CFDA and PI to 100 µl of spore suspension. Each tube was 
vortexed gently, and all samples were incubated at room temperature in the dark for 15 
min. The suspension was placed on a microscope slide and observed using a compound 
microscope at 200x magnification. Spores were counted as emitting green (live) or red 
(dead) fluorescence and the images were captured.  
FUN 1 and calcofluor white M2R staining. Working solutions of 40 µM FUN 1 
and 40 µM calcofluor white M2R were freshly prepared in 10 mM PBS (pH 7.4) so that 
the final concentrations of FUN 1 and calcofluor white M2R were 20 µM each, as per the 
manufacturer’s instructions. Three different staining techniques were tested on all the 
three spore types (live, heat-killed, and a 1:1 mix): i) single-color FUN 1 staining: 100 µl 
of FUN 1 dye to 100 µl of spore suspension, ii) single-color calcofluor white M2R 
staining: 100 µl of calcofluor white M2R dye to 100 µl of spore suspension, and iii) dual-
color staining: 100 µl of each FUN 1 and calcofluor white M2R to 100 µl of spore 
suspension. Each tube was vortexed gently and all the samples were incubated at room 
temperature protected from light for 30 min. The microscope slides were prepared and 
observed using a compound microscope and the images were captured. Spores were 
counted as emitting green fluorescence with bright orange-red intervacuolar structures 
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(live) or diffused green or red fluorescence devoid of orange-red structures (dead). The 
bright violet-blue fluorescence corresponds to the cell wall chitin labeled with calcofluor 
white M2R.  
In vitro germination test. Live, dead and a 1:1 mixture of live and dead spores 
were checked for germination on 1.5% water agar (WA) medium containing 1% BAP in 
96 cm petri plates. Three droplets, each containing ten µl of spore suspension (5 x 104 
spores/ml), were placed on the surface of WA medium and incubated in a tissue chamber 
at 23 °C in dark for 24 h. The number of germinated spores was observed using a 
dissecting SZX16 microscope (Olympus America Inc., Center Valley, PA) and 
percentage germination was calculated.  
Differentiation of viable and heat-killed P. pachyrhizi urediniospores using PI 
in two-color immunofluorescence. Viability of urediniospores in a mixture containing 
1:1 ratio of live and heat-killed spores was determined using PI (Component B of the 
FungaLightTM yeast vitality kit.). The spores were detected using FITC-labeled 
antibodies (Pp-mAb and Pp-pAb) in an indirect or direct immunofluorescence assay. A 
40 µM working solution of PI was freshly prepared before use with 100 µl added to an 
equal volume of the FITC-antibody labeled urediniospores. The sample was incubated in 
dark at room temperature for 15 min. Spores were observed under an epifluorescence 
microscope and counted as emitting green (live P. pachyrhizi spores) or green with red-
nuclei (dead P. pachyrhizi spores) fluorescence, and the images were captured.  
Immuno-monitoring of spores trapped on glass slides. Spores from 20, 25, 30, 
35, and 40-day-old rust infected detached soybean leaves were dusted on double-sided 
tape affixed to standard glass microscope slides. Indirect immunofluorescence assay 
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using Pp-mAb, and PI staining were conducted on each of three slides per time period as 
described above. Slides were viewed with the use of an epifluorescence microscope. At 
least 25 urediniospores were counted at random for fluorescence signals, viabilities were 
determined, and the images were captured.  
Epifluorescence microscopy. All samples were examined using an Olympus 
BX51 microscope (Olympus America Inc.) fitted with appropriate filters for observing 
labeled urediniospores in both immunofluorescence and viability studies. Fifteen µl of 
spore suspension were put on a microscope slide and a 22 x 22 mm cover glass, with 
edges sealed using nail polish, placed over it. For each sample, at least 250 spores were 
counted as fluorescent or non-fluorescent. The experiment was carried out in triplicate 
and repeated three times. Images were captured using a Retiga 2000R camera (Qimaging, 
Surrey, Canada) and processed with QCapture Ver. 3.1.1. Spores were first observed 
under brightfield settings followed by viewing under epifluorescence. Spores labeled 
with FITC-antibodies were observed using a 455-nm excitation filter and a 520-nm 
barrier filter. Fluorescence from both live and dead spores stained using various 
combinations of CFDA, PI, and FUN 1 was viewed using a dual bandpass filter set for 
FITC/PI (mirror unit: U-DM-FI/PI2, Olympus America Inc., PA, USA). Fluorescence for 
calcofluor white M2R staining was viewed using a DAPI-filter set. 
 
RESULTS 
 
Mouse monoclonal antibodies. Sera obtained from the immunized mice were 
used to detect P. pachyrhizi urediniospores by ELISA. From the splenocyte fusions 
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several antibody-producing cell lines were selected on the basis of a positive reaction 
with P. pachyrhizi urediniospore-coated microtitre wells. All cell lines were found to 
produce IgM-isotype antibodies based on ELISA and the cultures with strong positive 
reaction were single-cell cloned. The eight best clones were saved, and one monoclonal 
antibody, Pp-mAb, was selected for further tests. The IgM mAbs were purified and the 
eluted products analyzed by PTA-ELISA for antibody activity. The purified monoclonal 
antibody, Pp-mAb, was stored at 4 °C. 
Rabbit polyclonal antibodies. Polyclonal antibodies collected during test bleeds 
from both the rabbits were used to detect P. pachyrhizi urediniospores by PTA-ELISA. 
They were combined, and the purified antibodies were labeled as Pp-pAb.  
Indirect immunofluorescent assay optimization. Pp-mAb and Pp-pAb reacted 
positively with freshly collected live urediniospores of P. pachyrhizi isolate FL-07 (Table 
1.1). For both Pp-mAb and Pp-pAb, a minimum concentration of 25 µg/ml was required 
to observe fluorescence and the intensity of fluorescence increased with an increase in the 
concentrations of the antibody. All the dilutions of secondary antibody resulted in bright 
fluorescence of the urediniospores. Increasing the time of incubation of the primary 
antibody and secondary antibody from 30 min to 60 min increased the fluorescence of 
urediniospores but increasing the incubation time from 60 to 120 min did not increase the 
fluorescence intensity. The fluorescence intensity of the urediniospores did not differ 
with the incubation temperatures. PBS-Tween was more effective than PBS and distilled 
water as a wash buffer, resulting in more intense fluorescence of urediniospores. Based 
on these results, the final indirect immunofluorescence protocol selected was as follows: 
A 100 µl urediniospore suspension at a concentration of 5 x 104 spores/ml was incubated 
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with a primary antibody with a final antibody concentration of 50 µg/ml with gentle 
mixing of the suspension at regular intervals. The suspension was then washed thrice 
with 1% PBST by centrifugation at 1500 g to remove excess unbound antibody. The 
secondary antibody was added at a 1:100 dilution. The suspension was washed with 1% 
PBST thrice by centrifugation at 1500 g. All the incubation steps were carried out in the 
dark at room temperature. The samples were stored in dark at 4 °C until further use. 
Fluorescent signals were observed over the entire surface of P. pachyrhizi urediniospores 
(Fig. 1.1) using both Pp-pAb and Pp-mAb, with greater intensity often associated with 
echinulations (Fig. 1.1E). There were no visual differences between the fluorescent 
signals produced by Pp-pAb and Pp-mAb. The antibodies successfully detected 
urediniospores that were freshly collected, heat-killed, and in a 1:1 mix containing both, 
with bright fluorescence.  
Antibody specificity and cross-reactivity studies. The antibodies reacted to P. 
meibomiae urediniospores with a fluorescence intensity of 2 (Table 1.2). Out of the 
remaining five soybean pathogens (Colletotrichum destructivum, Fusarium solani, 
Macrophomina phaseolina, Phytophthora sojae, and Sclerotinia sclerotiorum) that were 
tested for cross-reactivity, none reacted positively with either of the antibodies. However, 
urediniospores of the corn southern rust pathogen, P. polysora, reacted positively with 
both Pp-mAb and Pp-pAb with a weak signal. Urediniospores of all of the 10 P. 
pachyrhizi isolates tested produced high fluorescence intensity with both Pp-mAb and 
Pp-pAb. 
Direct immunofluorescence. FITC-Pp-pAb and FITC-Pp-mAb reacted 
positively with P. pachyrhizi urediniospores with bright fluorescence observed over the 
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entire spore surface. Occasionally, a very strong green fluorescence of the entire spore 
was observed (Fig. 1.1D). The antibodies detected all the three kinds of spores without 
any visual differences in the fluorescence signals of live, dead and mixed spores. Similar 
fluorescence of the spores using both indirect and direct immunofluorescence techniques 
indicates that the reactivity of the antibodies was not affected by FITC-labeling as both 
techniques resulted in had good to bright fluorescence.  
Methods for assessing urediniospores viability - CFDA-PI staining. The use of 
CFDA and PI provided a clear, differential staining of P. pachyrhizi urediniospores (Fig. 
1.2). Dual staining of freshly collected live spores with CFDA and PI resulted in viable 
spores fluorescing apple-green (Fig. 1.2B), indicating membrane integrity. The heat-
killed spores, or more often the nuclei of non-viable spores, fluoresced red because of 
compromised membrane indicating their non-viability (Fig. 1.2D). There were no 
significant differences (P > 0.05) in the viabilities within the freshly collected live 
spores, within the heat-killed spores, and within the 1:1 mix containing both, when 
assessed by CFDA, PI and CFDA-PI methods. 
FUN 1 and calcofluor white M2R staining. The viability of freshly collected 
live and heat-killed spores was assessed by FUN 1 and calcofluor white M2R dual 
staining (Fig. 1.3). The intravaculoar structures in live spores, both non-germinated and 
germinated, fluoresced bright red to reddish-orange because the spores were 
metabolically active with intact membranes (Fig. 1.3B). Dead spores, with no metabolic 
activity had a diffuse faint-fluorescence (Fig. 1.3E). Calcofluor white M2R did not stain 
non-germinated live and heat-killed spores clearly indicating the absence of cellulose and 
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chitin in the cell walls of urediniospores (Fig. 1.3F). However, the germ tubes of 
germinating urediniospores stained blue (Fig. 1.3C).  
In vitro germination test. The urediniospores began germinating after 60 min of 
incubation. A spore was considered germinated when the length of the germ tube was 
twice the length of the urediniospore. By 6 h after incubation, spore germination was 
approximately 60% and by 24 h the germ tubes fused resulting in a complex network. 
No significant differences (P > 0.05) were observed in spore viability levels 
among the three methods: CFDA-PI staining (live = 91.1% ± 1.5; heat-killed = 0%; 1:1 
spore mix = 42.9% ± 1.9), FUN 1 staining (live = 89.7% ± 1.8; heat-killed = 0%; 1:1 
spore mix = 41.9% ± 1.9), and in vitro germination test (live = 93.7% ± 1.3; heat-killed = 
0%; 1:1 spore mix = 46.6% ± 1.6). Both CFDA-PI dual staining, and FUN 1 staining 
methods can differentiate viable and non-viable spores in a mixture consisting of both 
live and dead spores (Fig. 1.4), similar to in vitro germination (Fig. 1.5). While in vitro 
germination required at least 2 to 6 h, the CFDA-PI dual staining and FUN 1 staining 
procedures were able to assess the viabilities of the urediniospores within 30 min.  
Overall, assessments of spore viability determined using CFDA, PI, CFDA-PI, 
and FUN 1 were comparable to the results of in vitro germination tests. The similarity in 
the viability estimates between in vitro germination and PI-staining validates the use of 
PI along with the immunofluorescence assay to detect viable P. pachyrhizi 
urediniospores. 
Differentiation of viable and non-viable P. pachyrhizi urediniospores using PI 
in two-color immunofluorescence. Single dye staining by PI was used in combination 
with direct or indirect immunofluorescence to identify viable P. pachyrhizi 
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urediniospores. Viable spores fluoresced green because of reactivity with Pp-antibodies 
and dead spores fluoresced green with reddish nuclei, indicating their non-viability 
making it possible to simultaneously distinguish live and dead urediniospores (Fig. 1.6). 
The live spores did not take up PI because the membranes were intact making it possible 
to simultaneously distinguish live and dead urediniospores. 
Immunomonitoring of captured spores on glass slide. Viable urediniospores 
affixed to the double-sided tape fluoresced bright green and non-viable spores fluoresced 
green with reddish nuclei (Fig. 1.7). There were no visual differences in the fluorescence 
signals between the urediniospores affixed to the double-sided tape and the 
urediniospores that were assayed for viability in microcentrifuge tubes. On average, <1% 
and 2.5% of urediniospores affixed to the tape were lost during direct and indirect 
immunofluorescence assays, respectively. All the urediniospores trapped on the glass 
slides reacted with Pp-mAb emitting bright green fluorescent signals when the indirect 
immunofluorescence assay was used, irrespective of the age of the spores (Table 1.3). 
Overall, age of the cultures affected the viability of the urediniospores as it was reduced 
from 91% to 40%, respectively, from 20 to 40 days after inoculation (Table 1.3). 
  
DISCUSSION 
 
In this study, monoclonal and polyclonal antibodies were produced against intact 
urediniospores of P. pachyrhizi. Two immunofluorescent assays, direct and indirect, were 
developed using FITC-labeled antibodies to detect the spores. Vital staining techniques 
using CFDA, PI, FUN 1, and calcofluor white M2R were tested for the first time to 
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differentiate live and dead urediniospores and a two-color immunofluorescence assay 
combined with PI staining was developed to specifically detect viable P. pachyrhizi 
urediniospores with a sensitivity of single spore detection. 
Early detection and identification of plant pathogenic fungi enables the farmers to 
make more informed decisions on when and how chemicals can be applied to prevent the 
diseases from becoming epidemic. Over the past few decades there has been significant 
advances in plant pathogen diagnostics. Several spore trapping and sampling devices, 
such as the Andersen sampler model, Burkard volumetric spore trap, Hirst-type spore 
trap, teflon filters, S.A.S. sampler, and single stage collectors were developed over the 
years to collect airborne spores of fungal genera such as Alternaria, Botrytis, 
Cladosporium, Didymella, and Ganoderma. (Sesartic and Dallafior, 2011). Integrating 
these sampling devices with antibody-based and/or nucleic-acid based diagnostic 
methods would facilitate the development of “on-site” detection systems for 
identification and quantification of specific pathogens.  
Immunoassays are established technologies for the detection of several fungal 
plant pathogens including Rhizoctonia solani (Carrero et al., 2011), S. sclerotiorum 
(Jamaux and Spire, 1994), and Venturia inaequalis (Ribbert et al., 2007). A particle-
trapping device known as the microtiter immunospore trap (MTIST, Burkard 
Manufacturing Co., Rickmansworth, UK) collects airborne particles directly into the 
wells of a microtiter plate and enables rapid quantification of spores of fungi like Botrytis 
cinerea and Mycosphaerella brassicola (Kennedy et al., 2000) by ELISA without any 
processing of the sample. Immunosensors based on surface plasmon resonance, cantilever 
and quartz crystal microbalance technologies are available to detect fungi like Puccinia 
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striiformis and P. infestans (Skottrup et al., 2007a; Skottrup et al., 2007b).  These 
antibody-based biosensors with improved sensitivity hold great promise but currently 
there are some limitations inherent in these technologies in aspects of sensor design and 
sensing elements that have to be resolved before they can be used for on-site 
measurements. A detailed review on the recent technological advances in antibody-based 
sensors is available elsewhere (Skottrup et al., 2008).  Immunofluorescence has been 
used to identify spores of Botrytis spp. (Dewey and Yohalem, 2007) and M. brassicola 
(Kennedy et al., 2000) deposited on the trapping surface of Burkard spore sampler. More 
recently, immunofluorescence was used to detect the urediniospores of P. pachyrhizi 
captured in passive air samplers (Baysal et al., 2007). The advantage of 
immunofluorescence over other immunological methods is that immunolabeled spores 
can be directly visualized and quantified simultaneously. It is clear that immunological 
techniques have the potential to play a significant role in the detection and quantification 
of fungal spores. However, they cannot differentiate between live and dead spores unless 
integrated with vital stains that can assess viability based on indicators like membrane 
integrity, enzyme activities and respiration. 
The CFDA-PI method provides information on both on enzyme activity and 
membrane integrity of the spores. CFDA requires cellular esterase activity in addition to 
intact membranes, and PI, a nucleic acid intercalating dye, is known to pass only through 
the membranes of dead cells. The FDA-PI dual staining method was used in a number of 
studies to determine the viability of myxosporean and actinosporean spores (Yokoyama 
et al., 1997) and a wide variety of fungal spores such as A. brassicae, C. gloeosporioides 
f. sp. malvae, Leptosphaeria maculans and S. sclerotiorum (Chen and Senuin-Swartz, 
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2002). I investigated the use of CFDA-PI staining with the urediniospores of P. 
pachyrhizi. I was able to distinguish between viable and non-viable urediniospores in a 
mixture containing live and dead spores and these results were in agreement with those 
obtained using the in vitro germination tests. There were no significant differences in the 
viabilities of spores determined using CFDA-PI, CFDA, and PI methods, thus confirming 
that the dyes can be used either singly or in combination. It was important to validate the 
use of PI as a viability indicator before integrating it with the immunofluorescence 
technique. The main advantages of the CFDA-PI assay are its speed, high sensitivity and 
simplicity. 
Fluorescence labeling with the FUN 1 stain provides spectral and morphological 
information not available with other single-dye-fluorescence-based methods for viability 
determination in yeasts and other fungi (Millard et al., 1997). Biochemical processing of 
FUN 1 by live urediniospores yielded orange-red CIVS, confirming that the CIVS are a 
function of metabolic activity in the cell. The use of FUN 1 allowed a clear 
discrimination of live and dead urediniospores. The applications of FUN 1 can be 
extended to study the effect of environmental conditions like light and moisture on the 
viability of urediniospores. I could not use FUN 1 with FITC-labeled antibodies for 
specific detection of viable P. pachyrhizi urediniospores because of an overlap in their 
emission spectra leading to cross-talk between their fluorescence signals. Calcofluor 
white M2R stained the germ tubes, but did not stain the spore walls of either live or dead 
urediniospores, thus limiting its application as a viability indicator. No further studies 
were conducted to integrate the calcofluor white M2R staining with immunofluorescence. 
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More recently, methods and models have been developed that can detect soybean 
rust and/or predict the occurrence of the disease. For example, an integrated atmospheric 
model that couples a long-range atmospheric spore transport and deposition module with 
soybean leaf canopy wetness was developed in Minnesota for predicting the risk of 
occurrence of soybean rust (Tao et al., 2009). An image processing method was 
developed for detecting soybean rust from multi-spectral images of soybean leaves based 
on the ratio of infected area and rust color index as symptom indicators for quantifying 
rust severity (Cui et al., 2010). Immunosensors developed based on surface plasmon 
resonance and electrochemical impedance spectroscopy can detect P. pachyrhizi 
urediniospores or mycelia in the initial stages of infection with a potential for early 
diagnosis (Mendes et al., 2009). Barnes et al. (Barnes et al., 2009) developed a qPCR 
assay sensitive enough to detect a single P. pachyrhizi urediniospore to assay 
precipitation collected at national atmospheric deposition program/national trends 
network stations located across the major-growing regions of the continental U.S. to 
assess patterns of spore deposition during the soybean-growing season. However, these 
methods cannot differentiate between live and dead spores. The fluorescence techniques 
described here provide new methods for specific detection of viable P. pachyrhizi 
urediniospores. An indirect immunofluorescent detection of P. pachyrhizi spores using 
polyclonal antibodies had been developed (Baysal et al., 2007), but my research used 
direct immunofluorescent detection of P. pachyrhizi urediniospores using antibodies 
labeled with FITC which has not been reported. Staining the immunolabeled spores with 
PI was successful in distinguishing live and dead urediniospores. Simultaneous labeling 
of spores with antibodies and PI does not interfere with the specificity of the antigen-
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antibody binding, as FITC-labeled antibodies specifically recognize the antigenic 
determinants on the cell surface, while PI binds to the nuclei inside the spores. 
Preliminary results using urediniospores captured on double-sided tape demonstrate that 
the immunofluorescence assay combined with PI staining can be an effective tool for 
detecting viable P. pachyrhizi urediniospores. This has the potential then not only to 
allow for monitoring the movement of spores spread by conventional means, but also 
those spread by non-conventional means such as clothing (Hartman and Haudenshield, 
2009). We also noted that the methods described here do not preclude follow-up 
quantification and speciation of spore extracts by qPCR as a double check in situations 
where a redundant analysis might be warranted, such as forensic applications. Soybean 
rust is a devastating disease in several soybean-growing regions of Africa, Asia, 
Australia, and South America, and it has the potential to cause significant yield losses in 
those countries and is a potential threat to U.S.A. production. The fluorescent assays I 
developed are rapid and reliable with a potential for application in soybean rust-
forecasting system. In future studies, I hope to integrate this method with passive spore 
sampling to develop an effective tool with a potential to detect and monitor the 
movement of viable P. pachyrhizi urediniospores during the soybean-growing season. 
Early detection, coupled with timely application of fungicides, would slow the spread of 
the pathogen and minimize yield losses. 
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TABLES 
Table 1.1. Fluorescence intensity of freshly collected live Phakopsora pachyrhizi 
urediniospores isolate FL-07 in an indirect immunofluorescence spore assay utilizing 
various assay parameters. 
 
 
 
Parameter/variablea 
Fluorescence 
intensity for 
Pp-mAbb 
Fluorescence 
intensity for 
Pp-pAbb 
Primary antibody concentration (µg/ml)   
10  0 0 
25  1 1 
50  2 2 
100  2 2 
Secondary antibody dilution   
1:100  2 2 
1:150  2 2 
1:200  2 2 
Primary antibody incubation time   
30 min 1 0 
60 min 2 2 
120 min 2 2 
Secondary antibody incubation time   
30 min 0 0 
60 min 2 2 
120 min 2 2 
Primary antibody incubation temperature   
25°C 2 2 
37°C 2 2 
Secondary antibody incubation temperature   
25°C 2 2 
37°C 2 2 
Washing buffer   
PBS  1 1 
PBS containing 1% tween 2 2 
Distilled water  1 1 
 
a All parameters were tested using 100 µl urediniospore suspension (5 x 104 spores/ml). 
b Mouse monoclonal, Pp-mAb, and rabbit polyclonal, Pp-pAb, antibodies were used and 
reactivity was detected using secondary antibodies labeled with fluorescein 
isothiocyanate. Fluorescence of urediniospores was rated visually using a scale of 0 to 2 
where 0 = no fluorescence, 1 = weak fluorescence, 2 = good to bright fluorescence. 
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Table 1.2. Specificity of anti-rust antibodies for fungal pathogens in an indirect 
immunofluorescence assay. 
 
a Mouse monoclonal, Pp-mAb and rabbit polyclonal, Pp-pAb, antibodies were used and 
reactivity was detected using secondary antibodies labeled with fluorscein isothiocyanate. 
Fluorescence of urediniospores was rated visually using a scale of 0 to 2 where 0 = no 
fluorescence, 1 = weak fluorescence, 2 = good to bright fluorescence. 
 
 
 
Reactivitya  
Fungal pathogen Fungal structure  Host Pp-mAb Pp-pAb 
Colletotrichum destructivum Conidia Soybean  0 0 
Fusarium solani Mycelium Soybean  0 0 
Macrophomina phaseolina Mycelium Soybean  0 0 
Phakopsora pachyrhizi Urediniospores Soybean  2 2 
P. meibomiae Urediniospores Soybean 2 2 
Sclerotinia sclerotiorum Mycelium Soybean  0 0 
Gymnosporangium sp. Aeciospores Cedar  0 0 
Puccinia polysora Urediniospores Corn  1 1 
Ustilago maydis Teliospores Corn 0 0 
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Table 1.3. Immunofluorescence assay and propidium iodide (PI) staining of 
urediniospores of Phakopsora pachyrhizi isolate FL-07 trapped on various ages, trapped 
on glass slides. 
 
Collection days post- 
inoculation on detached 
soybean leaves 
 
Reactivity with 
Pp-mAb a 
Viability of urediniospores based 
on PI stain (%) 
20 2 91 ± 3.5 
25 2 96 ± 4.0 
30 2 81 ± 0.6 
35 2 48 ± 2.3 
40 2 40 ± 4.6 
 
a Mouse anti-rust monoclonal antibodies, Pp-mAb, were used and reactivity was detected 
using secondary antibodies labeled with fluorescein isothiocyanate (FITC). Fluorescence 
of urediniospores was rated visually using a scale of 0 to 2 where 0= no fluorescence, 1 = 
weak fluorescence, 2 = good to bright fluorescence (clearly positive).  
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FIGURES 
 
 
 
 
 
 
 
 
 
Figure 1.1. Detection of urediniospores of Phakopsora pachyrhizi isolate FL-07 by 
immunofluorescence. A 1:1 spore mixture consisting of freshly collected live and dead 
spores (heat-killed at 55°C for 10 h) were detected. A and B, Indirect 
immunofluorescence using anti-rust polyclonal antibodies, Pp-pAb. C and D, Direct 
immunofluorescence using monoclonal antibody labeled with fluorescein isothiocyanate, 
FITC-Pp-mAb. E, Echinulations of urediniospores fluorescing green in an indirect 
immunofluorescence assay using Pp-mAb antibodies. A and C, Visualized using an 
Olympus BX51 microscope under brightfield.  B and D, Visualized using an Olympus 
BX51 microscope under brightfield then under a dual bandpass filter set for FITC/PI. 
Scale bar represents 20 µm.  
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Figure 1.2. Viability of urediniospores of Phakopsora pachyrhizi isolate FL-07 using 5-
carboxyfluorescein diacetate (CFDA) and propidium idodide (PI) staining. A and B, 
Freshly collected live spores using a brightfield and fluorescence microscope, 
respectively. Live spores fluoresced green indicating their viability. C and D, Dead 
spores that were heat-killed at 55° C for 10 h under brightfield and fluorescence 
microscope, respectively. Dead spores fluoresced red indicating their non-viability. 
Spores were visualized using an Olympus BX51 microscope and images were captured 
under brightfield and then under dual bandpass filter set for FITC/PC. Scale bar 
represents 20 µm. 
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Figure 1.3. Viability of urediniospores of Phakopsora pachyrhizi isolate FL-07 using 
FUN 1 and calcofluor white M2R. A, B, and C, Urediniospores viewed using brightfield, 
dual bandpass filter set for FITC/PI, and filter set for DAPI, respectively. Intravaculaor 
structures of live spores and germlings in B fluoresced reddish orange. Germ tubes in C 
fluoresced bluish-violet because of chitin. D, E, and F, Dead spores (heat-killed at 55° C 
for 10 h) viewed using brightfield, dual bandpass filter set for FITC/PI, and filter set for 
DAPI, respectively. Dead spores in E and F did not fluoresce with FUN 1 and calcofluor 
white M2R, respectively. Spores were visualized using an Olympus BX 51 microscope 
and images were captured. Scale bar represents 20 µm. 
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Figure 1.4. Viability of urediniospores of Phakopsora pachyrhizi isolate FL-07 using 
FUN 1 staining and dual staining by 5-carboxyfluorescein diacetate (CFDA) and 
propidium idodide (PI). A 1:1 spore mixture consisting of freshly collected live and dead 
spores (heat killed at 55°C for 10 h) were used. A and B, Spores stained with FUN 1 
were viewed using the brightfield and fluorescence microscope settings, respectively. 
Live spores fluoresced green with bright orange-red intravacuolar structures and dead 
spores emitted a diffused fluorescence devoid of intervaculoar staining (indicated with 
arrows). C and D, Spores stained with CFDA and PI, viewed using the brightfield and 
fluorescence microscope settings, respectively. Live spores emitted green fluorescence 
and dead spores fluoresced red (indicated with arrows). Spores were visualized using an 
Olympus BX51 microscope and images were captured using brightfield and dual 
bandpass (filter set for FITC/PC) settings. Scale bar represents 20 µm. 
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Figure 1.5. Urediniospores of Phakopsora pachyrhizi isolate FL-07 either germinated or 
not germinated in a 1:1 urediniospore mixture of freshly collected live and heat-killed 
dead spores on 1.5% water agar medium amended with 1% benzyl amino puridine 
(BAP).  Spores were incubated for 24 h at 22.5°C for 24 h in darkness. Spores were 
visualized using an Olympus SZX16 microscope. Viable spores produced germ tubes 
while the non-viable spores (arrows) did not germinate. Scale bar represents 20 µm. 
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Figure 1.6. A two-color fluorescence assay to detect the urediniospores of Phakopsora 
pachyrhizi isolate FL-07 using indirect immunofluorescence and propidium iodide (PI) 
staining. A spore mix consisting of 1:1 ratio of freshly collected live and dead spores 
(heat killed at 55°C for 10 h) were first incubated with either A, anti-rust polyclonal or B, 
anti-rust monoclonal antibodies, and detected using a secondary antibody conjugated 
with fluorescein isothiocyanate (FITC). Spores were then incubated with PI for 15 min in 
darkness and viewed using an Olympus BX51 microscope fitted with a dual bandpass 
filter set for FITC/PI. Viable spores fluoresced green and non-viable spores fluoresced 
green with their nuclei stained red, indicating compromised membranes that allowed the 
permeability of the PI dye. Scale bar represents 20 µm. 
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Figure 1.7. A two-color fluorescence assay to detect the urediniospores of Phakopsora 
pachyrhizi isolate FL-07 captured on double-sided tape affixed to a glass microscope 
slide. A and B, Spores detected using indirect immunofluorescence and propidium iodide 
(PI) staining were visualized using brightfield and fluorescence settings of the 
microscope, respectively. Viable spores fluoresced green and non-viable spores 
(indicated by arrows) fluoresced green with their nuclei stained red, indicating 
compromised membranes that allowed the permeability of the PI dye. Urediniospores 
from 35-day-old infected soybean leaves were incubated with anti-rust monoclonal 
antibodies and detected using a secondary antibody conjugated with fluorescein 
isothiocyanate (FITC). Spores were then incubated with PI for 15 min in darkness and 
viewed using an Olympus BX51 microscope fitted with dual bandpass filter set for 
FITC/PI. Scale bar represents 20 µm. 
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Chapter 2 
Morphological Characterization and Quantification of Colonization of Phakopsora 
pachyrhizi in Soybean Genotypes that Vary in Resistance 
 
ABSTRACT 
 
Soybean rust, caused by the fungus Phakopsora pachyrhizi Syd., is an 
economically important disease of soybean with a potential to cause severe epidemics 
resulting in significant yield losses. Host resistance has been recommended as one of the 
management tools to control this disease. There have been few studies that have detailed 
the infection process in soybean genotypes with different levels of resistance and 
compared this to the amount of fungal DNA (FDNA) in host tissue. The objectives of this 
study were to characterize the infection of P. pachyrhizi on soybean genotypes with 
varying levels of resistance and to compare the microscopic analyses with FDNA 
concentrations quantified using a quantitative polymerase chain reaction (Q-PCR) assay. 
The processes of urediniospore germination, appressoria formation, and epidermal cell 
browning were similar among the selected soybean genotypes. Differences in the 
infection process were more evident once the hyphae penetrated into the intercellular 
spaces of the mesophyll. In genotypes classified as resistant, hyphal growth was restricted 
by necrosis of the mesophyll cells, and there were differences (P < 0.05) in the number of 
interaction sites with hyphae in mesophyll cells, sites with mesophyll cell death, and 
FDNA concentrations. The soybean cultivar UG5 conferred complete resistance to P. 
pachyrhizi infection and plant introductions, 567102B and 224268, which were classified 
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as having incomplete resistance, had extensive necrosis of the mesophyll cells. These 
results are the first evidence of quantitative differences in the infection process among 
soybean genotypes varying in levels of rust resistance in combination with using Q-PCR 
to measure FDNA in the host tissues.   
 
INTRODUCTION 
 
Soybean rust caused by the fungus Phakopsora pachyrhizi Syd. is an 
economically important disease of soybean with a potential to cause severe epidemics 
resulting in significant yield losses (Miles et al., 2003; Yorinori et al., 2005). The 
pathogen was initially described in Japan in 1902 (Hennings, 1903) and since then, has 
been found in most soybean-producing countries throughout the world (Hartman et al., 
2011). Soybean rust was first found in the continental United States in 2004 (Schneider et 
al., 2005). Symptoms due to rust infection include small lesions that increase in size and 
change from gray to tan or reddish brown on the undersides of the leaves (Hartman et al., 
1991; Kumudini et al., 2010). Fungicide application and resistant cultivars are two 
important components for effective management of soybean rust (Hartman et al., 2011). 
The only known reproduction stage of P. pachyrhizi is the asexual one, and 
epiphytotics are the result of multicyclic repeated production and release of 
urediniospores from sporulating uredinia. Telia have been found in nature (Harmon et al., 
2006), and have been induced in the laboratory to form teliospores that germinate to 
produce probasidia and basidiospores (Saksirirat and Hoppe, 1991); basidiospores are not 
known to be infectious and no sexual reproduction is known to occur in nature. A 
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urediniospore germinates to form a single germ tube of about 3 µm in width and a length 
of 100 µm or more before terminating by the formation of an appressorium, 
approximately the same size as a urediniospore (Hoppe and Koch, 1989). An appressorial 
cone initiates penetration into the epidermal cell by a penetration hypha, which grows 
through the epidermal cell and intercellular space forming primary and secondary hyphae 
and then haustoria (Koch et al., 1983).  
Five soybean rust resistance loci, Rpp1-Rpp5, have been identified and mapped in 
the soybean genome (Bromfield, 1984; Bromfield and Hartwig, 1980; Garcia et al., 2008; 
Hartwig and Bromfield, 1983; Hyten et al., 2009; Silva et al., 2008;). Resistance to P. 
pachyrhizi has been characterized by the interaction phenotypes on soybean leaves: (i) 
immune reaction (IM), without visible lesions, evidence of an incompatible host-parasite 
interaction or complete resistance; (ii) reddish-brown (RB) lesions, with varying levels of 
sporulation, considered a resistant or incomplete resistance if sporulating; and (iii) tan-
colored lesions (TAN), with abundant urediniospore production, the typical sign of a 
susceptible reaction (Bromfield, 1984; Miles et al., 2011). Variability in the color of 
resistant interaction phenotypes in soybean, from the RB lesions, first associated with rust 
resistance, to dark, chocolate-brown or even light brown lesions, has been observed 
(Bonde et al., 2006), suggesting that lesion color by itself may not be a reliable means to 
rate resistance and susceptibility (Miles et al. 2011).  
Quantitative measurements of various resistance traits, such as number of uredinia 
and lesions per unit area, number of sporulating uredinia per lesion, and uredinial 
diameter, indirectly reflecting the growth of the pathogen in host tissue, were used to 
characterize resistance in soybean (Bonde et al., 2006; Miles et al., 2011). In addition to 
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visual assessments of lesion and uredinia traits, resistance among soybean genotypes was 
characterized by measurement of rust colonization using Q-PCR assay for FDNA (Paul et 
al., 2011). 
 Recently, interactions of P. pachyrhizi with Arabidopsis thaliana and Hordeum 
vulgare (barley) were characterized to identify the genetic basis of non-host resistance 
(Loehrer et al., 2008; Hoefle et al., 2009). At 1 day after inoculation (dai) with P. 
pachyrhizi, the fungus germinated, formed appressoria and penetrated the epidermal 
cells. Death of penetrated epidermal cell in A. thaliana leaves was characterized by 
granulation of cytoplasm and the fungus did not grow further, either inter- or 
intracellularly into the mesophyll cells (Loehrer et al., 2008). In barley, the fungus often 
failed to penetrate epidermal cells, which displayed callose depositions on the cell walls 
(Hoefle et al., 2009). However, at sites where P. pachyrhizi succeeded in penetration, 
epidermal cells died and colonization was arrested by collapse of mesophyll cells. This is 
similar to the reaction on soybean genotypes with complete resistance, where P. 
pachyrhizi entered into the intercellular spaces of mesophyll cells but failed to be 
established (McLean, 1979). 
Three major works were published over 20 years ago characterizing host 
resistance to P. pachyrhizi (Hoppe and Koch, 1989; Keogh et al., 1980; McLean, 1979). 
Compared to the susceptible hosts, infection in immune soybean genotypes was 
characterized by rapid collapse of mesophyll cells (McLean, 1979). More extensive 
fungal colonization and more haustoria occurred in the susceptible and resistant soybean 
genotypes than in the immune soybean genotypes, but differences in the infection process 
was delayed in the resistant genotypes compared to the susceptible genotypes (Hoppe and 
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Koch, 1989; Keogh et al., 1980). These previous studies characterized parts of the 
infection process, but did not characterize mesophyll cell death, nor did these early 
studies compare uniform time points during the infection process. The objectives of my 
study were to evaluate the infection processes of P. pachyrhizi on soybean genotypes 
with varying levels of resistance using i) microscopy to assess fungal development ii) Q-
PCR to assess FDNA, and iii) to compare the two assays. 
 
MATERIALS AND METHODS 
 
Plant material. Five soybean genotypes representing different levels of resistance 
were selected based on prior knowledge of their reactions to P. pachyrhizi (Paul and 
Hartman, 2009) (Table 1). 
Soybean plants of each of the five genotypes were grown in trays placed in 
growth chambers (Percival Scientific Inc., Perry, IA), maintained at 65 to 70 % relative 
humidity with 14 h light (500 µmol m-2 s-1 photosynthetically active radiation) and 10 h 
of darkness at 24 and 20 °C, respectively. Trays (52 x 26 cm) consisted of 18 cells (8 x 8 
cm), referred to as pots, filled with soilless mix (Sunshine Mix, LCI, Sun Gro 
Horticulture Inc., Bellevue, WA), and fertilized with 14-14-14 Osmocote (Scotts Miracle-
Gro Co., Marysville, OH). Each pot was over-seeded and thinned to three plants of a 
single genotype. Four pots of each genotype were planted and watered daily as needed. 
Inoculation and incubation method. Excised leaflets from 2- to 3-week-old 
plants in the growth chamber were rinsed twice in sterile distilled water and placed with 
the abaxial side up on water agar amended with 6-benzylaminopurine (1.5 % v/w) 
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(Twizeyimana and Hartman, 2010). Detached leaflets were inoculated with isolate FL-07 
(collected in Florida in 2007) that had been single-spored and multiplied as previously 
described (Paul et al., 2011). The abaxial leaf surface was inoculated with 15 µl of a 
spore suspension containing 2.5 x 104 spores ml-1 in water containing Tween 20 (0.01 %, 
v/v). For each leaflet, 12 drops of inoculum were placed equidistance apart with six drops 
placed on each side of the leaflet midrib. Petri dishes (9 cm diameter) containing the 
inoculated leaflets were placed in plastic Zipper bags (Webster AEP Industries Inc., 
Peabody, MA) (two dishes per bag) and incubated in the dark for a period of 12 h 
followed by a cycle of 12 h light (380 µmol m-2 s-1) and 12 h of darkness inside a tissue 
chamber (Percival Scientific Inc., Perry, IA) maintained at 23°C. Of the 12 inoculated 
spots, six were collected for microscopic analyses and six were collected for Q-PCR 
evaluation by punching leaf disks using a 1 cm-diameter cork borer 8 h after inoculation 
(hai), and 1, 2, 3, 4, and 5 dai.  
Microscopic analyses of the infection progress. Leaf disk samples were stained 
and fixed by submerging them into a solution of 0.05 % trypan blue in 1:2 (v/v) 
lactophenol/ethanol, boiled for 1 min in the staining solution, and incubated at room 
temperature overnight. Following stain fixation, each of the leaf disks were transferred to 
new petri dishes; rinsed several times with distilled water, and then submerged in 
saturated chloral hydrate (2.5 g ml-1) for a week to clear the tissue. Stained leaf disks 
were examined using an Olympus BX51 compound microscope at x 400 (Olympus 
Corp., Tokyo, Japan). Images of each leaf disk were recorded using a digital camera 
(QImaging, Inc.) mounted on the compound microscope. In each experimental unit, 30 
urediniospores were randomly selected and the germination and appressoria development 
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were recorded at 4 and 8 hai, and 1 dai. In addition, for each experimental unit, 30 
interaction sites were used at 8 hai, and 1, 2, 3, 4, and 5 dai to record the number of sites 
with i) epidermal cell browning, ii) hyphae in the mesophyll cells, iii) mesophyll cell 
death, and iv) both hyphae and cell death in the mesophyll cells. 
Q-PCR measurement of P. pachyrhizi DNA. Collected leaf disks from all time 
points were placed into 2 ml DNA extraction tubes (Fast DNA Spin Kit-Cat# 6910-MP- 
Biomedicals). Total DNA (host and pathogen) was extracted from each leaf disk sample 
following the manufacturer’s instructions. Q-PCR assay was performed following the 
protocol as described previously (Paul et al., 2011). 
Experimental design. The treatment factors, soybean genotypes and time points, 
were arranged in a completely randomized design. The experimental unit was one leaflet 
of a single soybean genotype at a single time point. The experiment had four replications 
of each treatment combination and was repeated with a different randomization of 
experimental units.  
Statistical analyses. Variables obtained from microscopic observations were 
transformed using arcsine + 0.5 to correct for non-constant variance. The data were 
pooled for combined analysis if the null hypothesis of equal variance between the runs 
was not rejected (P > 0.05). Analysis of variance (ANOVA) was performed using JMP 8 
(SAS Institute Inc., Cary, NC) and the main effects of soybean genotypes and time were 
analyzed using the JMP MANOVA repeated means procedure. The FDNA (ng) values 
were transformed using log10 + 1 prior to analysis to correct for non-constant variance 
and ANOVA was performed.  
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RESULTS 
 
Microscopic analyses of the infection progress. The infection and colonization 
by P. pachyrhizi on four soybean accessions (PI 567102B, PI 561377, PI 224268, and 
UG5) with different levels of resistance were examined microscopically and compared to 
the reactions on the susceptible check, Williams 82. At 4 hai, urediniospores germinated 
equally well (> 90%), and appressoria formed at the tips of the germ tubes on all 
genotypes (> 85%) by 8 hai. Penetration occurred directly into the lumen of the 
epidermal cell by a penetration hypha, and was characterized by browning and 
granulation of the cytoplasm in the epidermal cell (Figs. 2.1A and B). By 1 dai, the 
fungus grew through the epidermis and entered into the intercellular spaces of the 
mesophyll cells by primary hypha and developed haustorial mother cells (Figs. 2.1C and 
D).  
On Williams 82, the fungus formed hyphae and haustoria in the mesophyll cells 
by 1 dai (Fig. 2.2A). At 2 dai, it produced hyphae that spanned 4 to 7 mesophyll cells 
(Fig. 2.2B). Between 3 and 4 dai, the hyphal colonies expanded inside the mesophyll 
cells (Figs. 2.2C and 2.3D) and by 5 dai, extensive colonization, involving 30 to 40 
mesophyll cells at each site, was observed (Fig. 2.2E). 
 The interaction of P. pachyrhizi with PI 561377 was identical to the interaction 
with Williams 82 on all days but with lesser colonization. Primary hyphae and haustoria 
were observed in mesophyll cells by 2 dai (Figs. 2.3A and 2.3B). Between 3 and 5 dai, 
hyphal branching gradually increased (Figs. 2.3C, D, and E).  
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In PI 567102B, the fungus entered the mesophyll cells by 1 dai (Fig. 2.4A) and 
the death of mesophyll cells first appeared at 2 dai with 1 to 2 mesophyll cells retaining 
trypan blue staining (Fig. 2.4B). By 3 dai, hyphal spread spanning 5 to 6 cells was 
observed along with the trypan blue stained mesophyll cells (Fig. 2.4C). However, by 4 
and 5 dai, the hyphal growth was completely stopped (Fig. 2.4D) with extensive 
mesophyll cell death (Fig. 2.4E).  
In PI 224268, the hyphal growth was sparse and gradual, and the fungus spread to 
5 to 6 mesophyll cells by 3 dai (Figs. 2.5A, B, and C). At 4 dai, the death of 2 to 4 
mesophyll cells per infection site began, and at this point, the fungus still colonized the 
mesophyll cells (Fig. 2.5D). By 5 dai, fungal growth was arrested with extensive 
mesophyll cell death (Fig. 2.5E) spreading between 10 to 15 cells at an infection site. 
 In UG5, P. pachyrhizi showed very little colonization that was often restricted to 
1-2 mesophyll cell diameter (Fig. 2.6A). At 2 dai death of mesophyll cells was observed, 
and by 3 dai the development of the fungus was completely stopped at all the sites (Figs. 
2.6B, and C). No further fungal growth was observed in the mesophyll cells at later time 
points.  
Assessment of P. pachyrhizi infection among genotypes. There was a 
significant genotype x time interaction for the number of sites with hyphae in mesophyll 
cells (P < 0.001), mesophyll cell death (P < 0.001), and sites with hyphae and cell death 
in mesophyll cells (P < 0.001), but not for the epidermal cell browning (Table 2). 
However, there were significant differences among genotypes (P < 0.01) and time (P < 
0.001) for epidermal cell browning.  
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The susceptible cultivar Williams 82 had the highest number of sites with hyphae 
in mesophyll cells (P < 0.05), whereas the mesophyll cell death was the lowest compared 
to other genotypes (Table 3). The partially resistant PI 561377 had a lower number of 
sites with hyphae in mesophyll cells compared to Williams 82, whereas the number of 
sites with the mesophyll cell death was greater (P < 0.05). However, they did not differ in 
the number of sites with both hyphae and death in mesophyll cells. The number of sites 
with hyphae in mesophyll cells was lowest in the completely resistant UG5, and the 
mesophyll cell death was highest (P < 0.05) compared to other genotypes. The number of 
sites with hyphae in mesophyll cells for PI 567102B was lower and differed from PI 
224268, whereas the number of sites with mesophyll cell death, sites with hyphae and 
death in mesophyll cells did not differ between both these two genotypes.  
Assessment of P. pachyrhizi infection over time. Percentage of interaction sites 
with hyphae in mesophyll cells increased steadily from 8 hours to 1 day for all the tissues 
of genotypes including susceptible Williams 82 (P > 0.05) (Fig. 2.7A), while it was 
significantly different (P < 0.05) between Williams 82 and PI 561377 at 2 dai. The 
percentage of interaction sites with hyphae in mesophyll cells for UG5 declined 
significantly (P < 0.05) from genotypes PI 224268 and PI 567102B at 2 dai while these 
two genotypes were significantly different at 3 dai (P < 0.05). The percentage of sites 
with hyphae in mesophyll cells did not differ between UG5 and PI 567102B at 4 dai, and 
these two genotypes and PI 224268 were not significantly different at 5 dai (Fig 2.7A). 
Percentage of interaction sites with mesophyll cell death showed no significant difference 
for all the genotypes until from 8 hai to 1 dai (Fig. 2.7B). The mesophyll cell death 
dramatically increased at 3 dai for UG5 and was significantly different (P < 0.05) from 
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the levels observed on PI 224268 and PI 567102B. The susceptible cultivar Williams 82 
and PI 561377 were significantly lower than all the other genotypes in mesophyll cell 
death from 8 hai to 5 dai.  
Q-PCR measurement of P. pachyrhizi DNA. There was a significant genotype x 
time interaction for FDNA (P < 0.001) (Table 2). The partially resistant PI 561377 had 
less FDNA compared to the susceptible Williams 82 (P < 0.05). The FDNA for UG5 did 
not differ from PI 567102B or PI 224268 (Table 3).  
FDNA in all the genotypes was not significantly different (P < 0.05) at 1 dai (Fig. 
2.8). Genotypes Williams 82 and PI 561377 differed (P < 0.05) in FDNA from the other 
resistant soybean genotypes at 3, 4 and 5 dai. FDNA in resistant genotypes, UG5 and PI 
224268, declined steadily from 8 hai to 5 dai while genotype PI 567102B had 
insignificant increase (P > 0.05) at 4 dai.  
 Correlations between microscopic and Q-PCR assays. Significant positive 
correlation was found between FDNA (ng) and hyphae in mesophyll cells (r = 0.30, P < 
0.001), while significant negative correlations were found for epidermal cell browning (r 
= -0.23, P < 0.0004), and mesophyll cell death (r = -0.14, P < 0.03). Epidermal browning 
was significantly positively correlated with hyphae in mesophyll cells (r = 0.36, P = 
0.0001), and negatively correlated with mesophyll cell death (r = -0.25, P < 0.0002), 
while hyphae in mesophyll had a negative significant correlation with mesophyll cell 
death (r = -0.54, P = 0.0001).  
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DISCUSSION 
 
 This study compared the infection process in soybean genotypes with different 
levels of resistance to P. pachyrhizi using microscopic observation and quantification of 
FDNA. Based on the findings, I was able to use these techniques to distinguish different 
kinds of resistance reactions, such as complete resistance (immunity), incomplete 
resistance, and susceptibility. 
Urediniospore germination and appressorium formation were similar in all the 
soybean genotypes regardless of their resistance levels. Inside the mesophyll, the 
susceptible Williams 82 was characterized by extensive fungal colonization and lowest 
mesophyll cell death. The partially resistant PI 561377 produced a similar susceptible 
interaction though with significantly lower fungal growth than what occurred in Williams 
82. PI 561377 also was characterized by lower mesophyll cell death compared to 
incompletely resistant PIs 567102B and 224268, which appeared to confer greater 
resistance to P. pachyrhizi. In PI 224268, the mesophyll cell death began at 4 dai and in 
PI 567102B, it began at 2 dai. The completely resistant genotype UG5 arrested the fungal 
growth by 2 dai, after which no further progression of infection structures was observed.  
To my knowledge, this is the first report comparing the microscopic evaluation of 
infection processes in soybean-P.pachyrhizi interaction with FDNA quantification using 
Q-PCR. Both assays showed differences even before signs and symptoms appeared on 
the leaves. The FDNA concentrations was positively correlated with the presence of 
hyphae in mesophyll cells and negatively correlated with mesophyll cell death. Recently, 
Q-PCR was used to determine the extent of P. pachyrhizi colonization and was useful in 
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characterizing resistance in soybean (Paul et al., 2011) and kudzu (Jordan et al., 2010) 
and clear differences in the FDNA concentrations of genotypes with different resistant 
levels were observed in both hosts. However, in my study, even though the Q-PCR 
measurements ranked genotypes into three broad categories (the susceptible Williams 82; 
the resistant PI 561377; and the highly resistant PIs 224268, 567102B and UG5), the 
microscopic analyses resolved the extent of infection more precisely. For instance, the 
counts based on hyphae and cell death in mesophyll cells, but not FDNA levels, 
differentiated the three genotypes expressing complete (UG5), or incomplete (PI 
567102B and PI 224268) resistance. Similar results showing differences in the infection 
processes based on microscopic analyses were reported during the host-pathogen 
interactions of diseases such as barley stem rust (Liu and Harder, 1996), olive 
anthracnose (Gomes et al., 2009), wheat stem rust (Jacobs et al., 2000) and wheat stripe 
rust (Ma and Shang, 2009).  
In an analysis of soybean transcriptome changes in response to soybean rust 
infection, it was shown that complex changes in gene expression changes occurred at 12 
h and 3 dai (Schneider et al., 2011). The early burst of gene expression at 12 h was 
observed in both compatible (susceptible) and incompatible (incomplete resistance) 
reactions (Schneider et al., 2011), which corresponded to germination and appressoria 
formation that I observed. Interestingly, the quiescent period of 1 to 2 dai reported 
(Schneider et al., 2011), corresponded to the entry of the hyphae into the mesophyll cells 
that I observed among all the genotypes. Major differences in gene expression between 
compatible and incompatible interactions were observed at 3 dai and were thought to be 
due to differences in haustoria formation (Schneider et al., 2011). In addition, it is 
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possible that the differential expression might also be due to the significant differences in 
mesophyll cell death related to hyphal colonization that I observed among the genotypes 
at 3 dai. 
In the histological studies of non-hosts infected with P. pachyrhizi, clear 
differences in the onset of resistance due to the hypersensitive response were observed 
within 1 dai. In A. thaliana, the fungus penetrated the epidermal cell but did not grow 
further into the mesophyll cells (Loehrer et al., 2008). In Hordeum vulgare (barley), the 
HR was characterized by callose depositions on the epidermal cell walls (Hoefle et al., 
2009). However, at sites where P. pachyrhizi succeeded in penetration, epidermal cells 
died but colonization was arrested by collapse of mesophyll cells. The defense reactions 
in both A. thaliana and barley began at the points of penetration on epidermal cells, and 
were more pronounced and faster than on the completely resistant soybean genotype 
(UG5) used in my study. Compared to these two non-hosts where haustoria were never 
observed, I did observe haustoria in the completely resistant UG5 at 1 dai. However 
haustoria were not observed at later time points in my study. Similar to the previous 
reports on resistance in soybean (Hoppe and Koch, 1989), I observed differences in the 
early infection process among the genotypes by 2 dai. However, these differences were 
more evident at 3 and 4 dai.  
Resistance of soybean genotypes to P. pachyrhizi is usually race-specific and 
virulent rust strains often overcome the specific resistance genes (Pham et al., 2009). 
Producing durable resistance has been the goal of much research and breeding for 
tolerance i.e. the selection of plants, which react to P. pachyrhizi infection with less yield 
loss might be beneficial (Hartman et al., 2005). In conclusion, by comparing the 
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interactions of P. pachyrhizi with soybean among five genotypes, I found differences in 
resistance during the infection process based on the extent of fungal growth and necrosis 
in the mesophyll cells. This might be crucial in determining the outcome of pathogenesis. 
In addition to the histological studies, to assess other possible resistance mechanisms not 
visible microscopically such as phytoalexin production (Mansfield, 2000), biochemical 
and molecular studies are needed. My findings establish a platform for the study of 
molecular mechanisms involved in temporal relationships between P. pachyrhizi and 
soybean genotypes that will allow researchers to dissect the gene networks that mediate 
the outcome of their interactions. 
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TABLES 
 
Table 2.1. Name, origin and the descriptions of soybean genotypes with 
phenotypic reactions produced in response to inoculation by Phakopsora 
pachyrhizi isolate FL-07. 
Genotype 
Geographic 
origin 
Seed 
sourcea Description 
Reaction 
typeb 
Williams 82 Illinois, USA USDA-ARS Susceptible check TAN 
PI 567102B Indonesia USDA-ARS 
Partially resistant 
line 
RB with no 
sporulation* 
PI 561377 Japan USDA-ARS Resistant linec RB 
PI 224268 Australia USDA-ARS Resistant linec RB 
UG5 Uganda IITA Resistant linec IM 
a USDA-ARS = United States Department of Agriculture-Agricultural Research 
Service, Soybean Germplasm Collection, Urbana, IL; and IITA = International 
Institute of Tropical Agriculture, Ibadan, Nigeria.  
b TAN = tan lesions (susceptible or partial resistance); RB = red-brown lesions 
(incomplete resistance); and IM = immune.  
c Based on Paul and Hartman, 2009. 
 * Based on Miles et al., 2008. 
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Table 2.2. Analyses of variance for number of interaction sites with epidermal cell 
browning, hyphae in mesophyll cells, mesophyll cell death, hyphae and cell death in 
mesophyll, and fungal DNA (ng) produced by Phakopsora pachyrhizi isolate FL-07 
inoculated on five soybean genotypes with different levels of resistance. 
  
Mean 
square   
Source of variation df 
Epidermal 
cell 
browninga 
Hyphae in 
mesophyll 
cellsb 
Mesophyll 
cell deathc 
Hyphae and 
cell death in 
mesophyll 
cellsd 
Fungal 
DNA (ng)e 
Genotype 4 0.02**f 3.24*** 2.59*** 0.20*** 0.2 *** 
Time 5 0.58*** 7.75*** 4.94*** 0.37*** 0.16 *** 
Genotype x time 20 0.004 0.72*** 0.71*** 0.06*** 0.08 *** 
Error 207 0.01 0.01 0.01 0.01     0.004 
a -d Number of interaction sites with epidermal cell browning, hyphae in mesophyll cells, 
mesophyll cell death, or both hyphae and cell death in mesophyll cells were determined 
using microscopy based on the observations of 30 urediniospores on one 1-cm diameter 
leaf disk per replication. 
e Quantified using quantitative real-time PCR normalized with a standard curve produced 
from the measurements of one 1-cm-diameter leaf disk per replication. 
f Significance levels:  **, P < 0.01; ***, P < 0.001. 
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Table 2.3. Mean numbers of epidermal cell browning, hyphae in mesophyll cells, 
mesophyll cell death, hyphae and cell death in mesophyll cells, and fungal DNA (ng) on 
detached leaflets of 5 soybean genotypes after inoculation with Phakopsora pachyrhizi 
isolate FL-07. 
Soybean 
genotype 
Epidermal cell 
browningx 
Hyphae in 
mesophyll 
cellsx 
Mesophyll 
cell deathx 
Hyphae 
and cell 
death in 
mesophyll 
cellsx 
Fungal 
DNA 
(ng)y 
Williams 82 0.14 bz 1.10 a 0.13 d 0.12 b 0.16 a 
PI 567102B 0.17 ab 0.64 d 0.45 b 0.26 a 0.02 c 
PI 224268 0.19 a 0.69 c 0.43 b 0.24 a 0.01 c 
PI 561377 0.15 b 0.97 b 0.25 c 0.15 b 0.08 b 
UG5 0.19 a 0.46 e 0.74 a 0.14 b 0.005 c 
x Determined using microscopy based on the observations of 30 urediniospores on one 1-
cm-diameter leaf disk per replication. 
y Quantified from the circular 1-cm-diameter area surrounding the inoculation point. 
 Quantified using quantitative real-time PCR normalized with a standard curve to 
quantify the measurements of one 1-cm-diameter leaf disk per replication. 
z Means within each column followed by the same letter are not significantly different at 
P < 0.05. 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Formation of infection structures of Phakospora pachyrhizi isolate FL-07 on 
soybean genotype Williams 82 at 1 day after inoculation. A, Germ tube of a 
urediniospore with an appresosorium. B, Penetration hypha entering into the epidermal 
cell causing the browning and death of the epidermal cell. C, Penetration hypha entering 
the intercellular spaces of mesophyll and forming a primary hpha. D, Haustorium mother 
cells on the mesophyll cell. Leaves were stained with trypan blue and analyzed with 
differential interference contrast microscopy using an Olympus BX 51 microscope. A 
series of consecutive optical cuttings were made across particular infection site starting 
with the focus on urediniospore (not shown), then moving stepwise through the 
appressorium (A), epidermis (B), and finally to the mesophyll (C, D). GT = germ tube, 
App = appressorium, PH = penetration hypha, Epi = epidermal cell, PrH = primary 
hypha, HMC = haustorium mother cell. Scale bar represents 20 µm. 
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Figure 2.2. Infection by Phakospora pachyrhizi isolate FL-07 on susceptible soybean 
genotype Williams 82 observed between one and five days after inoculation (dai). The 
fungus spread between the intercellular spaces of the mesophyll cells and the number of 
mesophyll cells infected with hyphae increased greatly over time. A, B, C, D, and E, 
Hyphae in the intercellular spaces of the mesophyll at 1, 2, 3, 4, and 5 dai, respectively. 
Leaves were stained with trypan blue and observed with differential interference contrast 
microscopy using an Olympus BX 51 microscope. Scale bar represents 20 µm. 
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Figure 2.3. Infection by Phakospora pachyrhizi isolate FL-07 on resistant soybean 
genotype PI 561377 observed between one and five days after inoculation (dai). A, B, C, 
D, and E, Hyphae in the intercellular spaces of the mesophyll at 1, 2, 3, 4, and 5 dai, 
respectively. Leaves were stained with trypan blue and observed with differential 
interference contrast microscopy using an Olympus BX 51 microscope. Scale bar 
represents 20 µm. 
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Figure 2.4. Infection by Phakospora pachyrhizi isolate FL-07 on resistant soybean 
genotype PI 56102B observed between one and five days after inoculation (dai). The 
fungus entered the intercellular spaces of the mesophyll and formed hyphae, but the 
growth was arrested by mesophyll cells undergoing death as indicated by their retention 
of trypan blue stain. A, Hyphae in the intercellular space of the mesophyll at 1 dai. B, 
and C, Hyphae in the intercellular spaces of mesophyll cells and blue discoloration of the 
infected mesophyll cells at 2 and 3 dai, respectively. D, and E, Blue discoloration of a 
group of mesophyll cells resulting in a complete arrest of hyphal growth at 4 and dai, 
respectively. Leaves were stained with trypan blue and observed with differential 
interference contrast microscopy using an Olympus BX 51 microscope. Scale bar 
represents 20 µm. 
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Figure 2.5. Infection by Phakospora pachyrhizi isolate FL-07 on resistant soybean 
genotype PI 224268 observed between one and five days after inoculation (dai). The 
fungus entered the intercellular spaces of the mesophyll, spread the hyphae gradually 
until 3 dai after which the growth was arrested by mesophyll cells undergoing death as 
indicated by their retention of trypan blue stain. A, B, and C, Hyphae in the intercellular 
space of the mesophyll at 1, 2, and 3 dai, respectively. D, Slight discoloration of the 
mesophyll cells at 4 dai indicating the initiation of defense to arrest the spread of the 
hyphae. E. Increased discoloration of several mesophyll cells around and near the fungus 
at 5 dai. Leaves were stained with trypan blue and observed with differential interference 
contrast microscopy using an Olympus BX 51 microscope. Scale bar represents 20 µm. 
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Figure 2.6. Infection by Phakospora pachyrhizi isolate FL-07 on immune soybean 
genotype UG5 observed between one and three days after inoculation (dai). The fungus 
entered the intercellular spaces of the mesophyll but the growth was arrested by 
mesophyll cells undergoing death as indicated by their retention of trypan blue stain. A, 
Hyphae in the intercellular space of the mesophyll at 1 dai. B, and C, Mesophyll cell 
death resulting a complete arrest of the fungal growth at 2 and 3 dai, respectively. Leaves 
were stained with trypan blue and observed with differential interference contrast 
microscopy using an Olympus BX 51 microscope. Scale bar represents 20 µm. 
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Figure 2.7. Infection of Phakopsora pachyrhizi isolate FL-07 on the leaflets of five 
soybean genotypes observed between 0 to 5 days after inoculation (dai) A, Percentage of 
interaction sites with hyphae in mesophyll. B, Percentage of interaction sites with death 
in mesophyll cells. The leaflets were stained with trypan blue and the percentages were 
determined using light microscopy based on the observations of 30 urediniospores on one 
1-cm-diameter leaf disk per replication. 
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Figure 2.8. Quantity of fungal DNA (FDNA) in leaflets of five soybean genotypes 
inoculated with Phakopsora pachyrhizi isolate FL-07 measured by quantitative 
polymerase chain reaction 0 to 5 days after inoculation.  
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Chapter 3 
Germ Tube Anastomosis and Nuclear Migration During the Germination of 
Phakopsora pachyrhizi Urediniospores  
(European Journal of Plant Pathology 132:163-167) 
 
ABSTRACT 
 
An important mechanism for genetic diversity in filamentous fungi is hyphal 
anastomosis and the formation of heterokaryons. In this study, fusion of germ tubes in 
germinating urediniospores of Phakopsora pachyrhizi resulting in a complex hyphal 
network were observed. Staining of the germ tubes derived from P. pachyrhizi 
urediniospores with 4’, 6-diamidino-2-phenylindole (DAPI) showed migration of nuclei 
through the network resulting in multinucleate hyphae. Short bridges connecting the 
hyphal network tubes were also observed. The study provides the first evidence of germ 
tube and hyphal anastomosis, and nuclear migration in P. pachyrhizi. Considering the 
lack of a known sexual stage of P. pachyrhizi, this hyphal anastomosis followed by the 
parasexual cycle may explain the genetic diversity in virulence among populations of P. 
pachyrhizi.  Additional research is needed to determine if hyphal anastomosis of different 
virulence types of P. pachyrhizi could result in nuclear fusion and rearrangement of 
genetic material to establish new virulent pathotypes. Such questions could be addressed 
through live cell imaging and fluorescence in situ hybridization in future studies. 
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INTRODUCTION 
 
Soybean rust, caused by Phakopsora pachyrhizi H. Sydow & Sydow, is a major 
foliar disease of soybean [Glycine max (L.) Merr.]. Yields losses caused by P. pachyrhizi 
have been reported in soybeans grown in Africa, Asia, and South and North America 
(Hartman et al., 1991; Levy, 2005; Miles et al., 2007; Mueller et al., 2009; Yorinori et 
al., 2005). Although fungicides have been shown to be effective, development of 
commercial soybean cultivars with resistance to P. pachyrhizi may be more cost effective 
and better environmentally to reduce yield losses (Hartman et al., 2005). Specific 
resistance to P. pachyrhizi is known (Hartman et al., 2005), but ineffective when 
challenged with certain isolates of P. pachyrhizi (Bonde et al., 2006; Paul and Hartman, 
2009; Pham et al., 2009). Populations of P. pachyrhizi are diverse based on studies that 
evaluated pathotypes (Twizeyimana et al., 2009) and molecular markers (Twizeyimana et 
al., 2011).  
Rust fungi may produce as many as five different spores in their life cycles – 
spermatia (N, haploid and monokaryotic), aeciospores (N  +  N, haploid and dikaryotic), 
urediniospores (N  +  N, haploid and dikaryotic), teliospores (N  +  N, haploid and 
dikaryotic → 2 N, diploid and monokaryotic), and basidiospores (N, haploid and 
monokaryotic) (Alexopoulos et al., 1996). Spermagonia and aecial stages are unknown 
for P. pachyrhizi. The fungus forms asexual urediniospores on short stalks within globose 
uredinia. Telia and teliospores have been reported to occur on several hosts, including 
soybean, but their germination in nature has not been reported (Bromfield, 1984). 
However, teliospore germination and basidiospore formation can be induced under 
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laboratory conditions (Saksirirat and Hoppe, 1991). The urediniospores of P. pachyrhizi 
are globose to ovate or ellipsoid, hyaline to yellowish brown and about 18–38 µm long by 
13–29 µm wide. The spore wall is about 1–1.5 µm thick and finely echinulated. Under 
appropriate conditions of moisture and temperature, the dikaryotic urediniospore 
germinates to form a single germ tube of about 3 µm in width and of varying length from 
a few to 100 µm or more (Bromfield, 1984). Quiescent urediniospores always contain 
two nuclei and upon germination, the nuclei travel through the germ tube into the 
developing appressorium and undergo a single mitotic division leading to four nuclei, 
which are present in a fully developed appressorium (Koch and Hoppe, 1988).  
Sexual recombination and somatic hybridization are two sources of virulence 
diversity in plant pathogenic fungi (Burdon and Silk, 1997; Read et al., 2010). Somatic 
hybridization involves the fusion of hyphae known as anastomosis, which may be 
followed by heterokaryosis, nuclear fusion, recombination, and reassortment of 
chromosomes (parasexual cycle) (Park et al., 1999). Anastomosis between germlings has 
been reported in many fungal species including Colletotrichum and Neurospora (Roca et 
al., 2005b; Roca et al., 2003; Roca et al., 2005a). In the rust fungi, hyphal anastomosis 
has been reported in Puccinia graminis (Manners and Bampton, 1957), P. recondita 
(Barr et al., 1964), P. striiformis (Little and Manners, 1969), and has been further 
characterized in P. triticina (Wang and McCallum, 2009). When urediniospores of P. 
triticina germinate, a direct fusion of germ tubes and/or fusion by viscid-globule-bodies 
known as germ tube fusion bodies (GFB) occur followed by the exchange of nuclei inside 
the GFB (Wang and McCallum, 2009). This same phenomenon may occur in P. 
pachyrhizi, which lacks a known sexual stage and alternate host (Bromfield, 1984), but 
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appears to have genetic diversity including virulence variability that might be due to 
somatic hybridization during asexual reproduction. The objective of the study was to 
determine if germ tube anastomosis occurs in P. pachyrhizi and to observe the migration 
of nuclei in the germ tube network, which would allow for the formation of 
heterokaryons.  
 
MATERIALS AND METHODS 
 
Rust isolate. Urediniospores of isolate FL-07 were used throughout the study. 
This particular U.S. isolate has been used for a number of other studies related to soybean 
rust (Paul and Hartman, 2009; Twizeyimana et al., 2009). Urediniospores were increased 
using the detached-leaf method (Twizeyimana et al., 2010). Leaves from trifoliates of 
four-week old soybean plants (cultivar Williams 82) were collected and transferred to 
petri plates containing 1.5 % (w/v) water agar medium amended with 6-
benzylaminopurine (1.5 % w/v) with the abaxial surface of the leaf facing up. These 
detached leaves were spray-inoculated with freshly collected urediniospores using an 
airbrush (Paasche Airbrush Co., Chicago, IL). The plates were then incubated for 12 h in 
a tissue chamber (Percival Scientific Inc., Perry, IA) at 20 to 22 °C in the dark, after 
which, they were incubated at 20 to 22 °C in a 12-hour light (380 µmol m-2s-1)-dark 
cycle. Lesions with sporulating uredinia formed two weeks after inoculation. 
Germ tube anastomosis and nuclear migration. Urediniospores of P. 
pachyrhizi isolate FL-07, freshly collected from detached rust-infected leaflets, were 
suspended in sterile distilled water containing 0.2 % Tween-20 (v/v). The spores were 
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counted using a haemacytometer and the concentration was adjusted to 1.4  ×  106 
spores/ml. One microlitre of the suspension was dropped onto the surface of a 
microscope slide coated with 2 % water agar containing 1.5 % benzyl amino puridine. 
The slides were dried in a laminar flow hood for 15 min. After a 24 h incubation period 
in dark at 22 °C, a drop of SlowFade® Gold antifade reagent with 4’,6-diamindino-2-
phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) was placed on the sample and 
incubated for 30 min at room temperature in the dark. The slides were visualized 
immediately after staining using an Olympus BX51 microscope (Olympus America Inc., 
Center Valley, PA, USA). Images were captured using a Retiga 2000R camera 
(QImaging, Surrey, Canada) and processed with QCapture Ver. 3.1.1. Three slides, each 
containing 3 ‘one-microlitre’ spore-droplets, were observed for anastomosis and the 
experiment was repeated once. 
 
RESULTS 
 
Germ tube anastomosis and nuclear migration. The dikaryotic (N + N) 
urediniospores of P. pachyrhizi germinated within 6 h and by 24 h the germ tubes fused 
into a complex hyphal network (Fig. 3.1A). Within this network, the nuclei migrated 
resulting in multiple sets of nuclei (Fig. 3.1B). The nuclei appeared to move forward 
towards the leading edge of growth within the hyphal network (Fig. 3.2) and the original 
urediniospores remained anucleated. Mitosis was not responsible for the multinucleate 
condition in a single hyphal strand (Fig. 3.3) because: (i) ungerminated urediniospores 
and urediniospore germlings that were not part of the network remained as dikaryons, and 
	   79	  
(Garcia et al., 2007) the low number of nuclei that were observed in the formed networks. 
More heterokaryons could be formed later on because the network was increased by short 
anastomosis fusions, providing more opportunity for nuclei from different urediniospores 
to migrate (Fig. 3.4).  
After treating samples with DAPI, no further growth occurred so live cell imaging 
was not possible. The observation at 24 h showed the locations of the DAPI-stained 
nulcei and the presence of more than one set of nuclei in hyphal strands demonstrated 
that anastomosis had taken place. The germination percentage of spores was more than 
80 and hyphal fusion was observed in all of the nine observations points in both trials. It 
was difficult to quantitate fusion because of the complexity of the germtube network and 
it seemed like more than 50 % of the germlings fused.  
Two patterns of germ tube anastomosis have been previously reported in rusts, the 
anastomosis involving the formation of specialized GFBs (Rodenhiser and Hurd-Karrer, 
1947) and anastomosis between two germ tubes directly without the formation of GFBs 
(Manners and Bampton, 1957). In this study, germ tube anastomoses without the 
involvement of GFBs were observed, and it is not clear why the anastomosis with the 
involvement of GFBs was not observed.  
 
DISCUSSION 
 
In summary, this study demonstrated the formation of germ tube anastomosis in 
P. pachyrhizi without the involvement of GFBs. The migration of nuclei during the germ 
tube anastomosis was tracked through DAPI staining and fluorescence microscopy. 
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Dikaryotic nuclei (N + N) migrated into germ tubes upon the germination of 
urediniospores, and they were randomly distributed in the germ tube network. The germ 
tubes fused to form a complex hyphal network and the nuclei migrated within the 
network. The movement of nuclei between different germ tubes occurred during germ 
tube anastomosis. The close association of nuclei from different urediniospores raises the 
questions of whether the fusion of germ tubes and anastomosis is observed when 
urediniospores of different isolates are mixed together and does subsequent nuclear 
migration within the hyphal network lead to different combinations of virulence patterns. 
Additional research is needed to determine if hyphal anastomosis of different virulence 
types of P. pachyrhizi could result in nuclear fusion and rearrangement of genetic 
material to establish new virulent pathotypes. Such questions could be addressed through 
live cell imaging and fluorescence in situ hybridization in future studies. 
. 
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FIGURES 
 
Figure 3.1. A germ tube network formed by anastomosis in Phakopsora pachyrhizi 
isolate FL 07–1. A, The microscope slide was first visualized using a brightfield setting. 
B, The slide viewed with fluorescence under bright field using UV excitation/barrier filer 
(DAPI in blue). The DAPI-stained nuclei fluoresced blue.  
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Figure 3.2. The migrated-nuclei (in the direction of the arrows) near the tip of the germ 
tube during the germ tube anastomosis of Phakopsora pachyrhizi isolate FL 07–1. The 
DAPI-stained germ tube network was visualized under bright field, followed by 
fluorescence, and images were captured and superimposed.  
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Figure 3.3. The fusion of germinating urediniospores in Phakopsora pachyrhizi isolate 
FL-07 resulting in the migration of the nuclei (denoted by red arrows) through the germ 
tube network. The dikaryotic state of the nuclei is denoted by white arrows. The nuclei of 
U1 through U4 seem to have migrated into other hyphae within the network. The DAPI-
stained germtube network was visualized under bright field, followed by fluorescence, 
and images were captured and superimposed. U, urediniospore.  
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Figure 3.4. Anastomosis between two germ tubes of Phakopsora pachyrhizi isolate FL 
07–1 by short germ tube bridges (denoted by arrow heads), observed 24 h after 
germination of urediniospores. GT, germ tube.  
 
 
 
 
 
 
 
 
 
 
 	  
